Abstract: The present study was undertaken to develop a novel adsorbent for heavy metal ions, and this paper presents the synthesis and characterization of a composite material-silica gel microspheres encapsulated by salicyclic acid functionalized polystyrene (SG-PSazo-SA) with a core-shell structure. SG-PS-azo-SA was used to investigate the adsorption of Mn ( , respectively. Thus, silica gel encapsulated by salicyclic acid functionalized polystyrene (SG-PS-azo-SA) is favorable and useful for the removal of Cu(II), Ag(I) and Au(III) metal ions.
Introduction
Encapsulation technologies are becoming more and more popular in the preparation of composites, since polymer-encapsulated inorganic oxide can offer very interesting and potential applications as adsorbents, in optics and electronics [1] . Among the inorganic oxides, silica gel is widely used as inorganic solid matrix in inorganic-organic composite materials due to its excellent thermal and mechanical stability, unique large surface area and well-modified surface properties [2] [3] . The silica gel-polymer composite materials have received a great deal of attention recently because of their excellent performance in the field of chromatography, adsorption and catalysis [4] [5] . Gu et al. [6] proposed the preparation of silica-polystyrene core-shell particles.
In their work, silica particles were obtained through condensation and hydrolysis of tetraethyl orthosilicate in a water-ethanol-ammonia solution, and the silica particles were surface-modified with a coupling reagent, methacryloxypropyltrimethoxysilane. Bourgeat-Lami et al. generated polymer encapsulation of silica particles by dispersion polymerization of styrene in aqueous ethanol medium in the presence of surface-functionalized silica particles using 3-(trimethoxysilyl) propyl methacrylate as the coupling agent [7] [8] . Sondi et al. reported stable dispersions of nanosilica coated with tert-butyl acrylate polymer by in situ polymerization of the monomer in 2-propanol [9] . Do et al. presented a novel synthesis of polystyrene/SiO 2 composite micron sized particles by disperion polymerization in supercritical fluid [10] .
Silica-gel polymer composites have potential applications also in the the removal and recovery of heavy metal ions from industrial wastewater which continues to be a significant concern due to economic and environmental factors. Many treatment processes, such as chemical precipitation, electrodialysis, adsorption, are currently used. Among these methods, however, adsorption is highly effective and economical, and is a promising and widely applied method [11] . Incorporation of salicylic acid on the silica gel-polymer composites to chelate with a variety of metal ions can significantly enhance their capability as adsorbents. Salicylic acid has often been chosen in grating on polymeric adsorbents. S. Boussetta et al. [12] [13] made salicylic acid and their derivatives anchored on poly (styrene-co-divinylbenzene) resin and membrane via a diazo bridge, and found the adsorption capacities of these new materials for iron ions could reach 11.6 mg g -1 and 13.4 mg g -1
, respectively. Akl et al. [14] reported the synthesis of a 5-formyl-3-(1'-carboxyphenylazo)salicyclic acid -bonded silica gel, and studied its adsorption properties of various heavy metal ions including Cd(II), Zn (II), Fe(III).
The primary objective of this study is to discuss several heavy metal ions' adsorption capacity of a novel composite adsorbent silica gel microspheres encapsulated by salicyclic acid functionalized polystyrene (SG-PS-azo-SA). The results from adsorption of Mn(II), Co(II), Ni(II), Fe(III), Hg(II), Zn(II), Cd(II), Cr(VI), Pd(II), Cu(II), Ag(I), and Au(III) from their respective aqueous solutions showed that SG-PS-azo-SA has better adsorption capacity for Cu(II), Ag(I) and Au(III). Moreover, the adsorption isotherms of this inorganic-organic hybrid adsorbent for Cu(II), Ag(I) and Au(III) ions were also investigated.
Experimental procedure

Materials and preparation
Silica gel spheres (100 -200 mesh) were obtained from Qingdao Marine Chemical Plant. All reagents were analytical-grade chemical products and except for AIBN (azobisisobutyronitrile), were used without further purification. Distilled water was used for all dilutions. Aqueous solutions containing various metal ions of predetermined concentrations (10 -2 -10 -3 M) were prepared from their respective metal salts. The corresponding metal salts used were manganese nitrate, cobalt nitrate, nickel nitrate, iron nitrate, mercury nitrate, zinc nitrate, cadmium nitrate, potassium dichromate, palladium nitrate, copper nitrate, silver nitrate and chloroauric acid.
The procedure for the silica gel microspheres encapsulation by salicyclic acid functionalized polystyrene was as presented in Scheme 1.
Activation of silica-gel (SG)
Silica gel spheres were activated by refluxing with a 50% v/v aqueous solution of nitric acid for 6 h followed by a 6 h reflux with 12 M hydrochloric acid , cooled and repeatedly washed using distilled water until a AgNO 3 -HNO 3 solution indicated the absence of Cl -ions. Finally, the product was dried in vacuum at 120°C for 48 h before use.
Synthesis of SG-C=C
A suspension of 50.0 g of activated silica-gel and 50 mL vinyl triethoxysilane (VTES) were stirred at room temperature in 200 mL toluene solution for 12 h, first in an argon atmosphere for 30 min and then in ammonia atmosphere for the remaining time. The product was then filtered off, washed with ethyl alcohol several times, and transferred to a Soxhlet for reflux-extraction in ethanol for 10 h. The solid product (SG-C=C) was dried in vacuum at 50°C.
Synthesis of SG-PS
Under an argon atmosphere, a mixture of 50.0 g SG-C=C, 50 mL Styrene (St), 0.90 g polyvinyl pyrrolidone (PVP), 50 mL distilled water and 20 mL ethyl alcohol were added to a 1000 mL flask. The mixture was stirred for 3 h and then heated to 70°C. The ethyl alcohol solution of AIBN (which was recrystallized by ethyl alcohol), was added dropwise over 90 min, and the reaction was continued for 6 h. The solid product was repeatedly boiled with toluene, filtered whilst hot, and then extracted for 10 h by toluene and ethyl alcohol successively. The intermediate product (SG-PS) silica gel encapsulated by polystyrene was dried under vacuum at 50°C. 2 10 g SG-PS and 80 mL concentrated nitric acid were taken in a 250 mL flask, and concentrated sulfuric acid was slowly added with quick stirring keeping the temperature below 15°C. After complete additon of sulfuric acid, the reaction was conducted for 12 h at 30°C. The solid intermediate product (SG-PS-NO 2 ) silica gel encapsulated by polystyrene containing nitro was washed with distilled water until a pH 7 was obtained for the filtrate then dried at 80°C.
Synthesis of SG-PS-NO
Synthesis of SG-PS-NH 2
100 mL concentrated hydrochloric acid was taken in a 250 mL flask, which was heated to 60°C. 20 g small Sn particles and 5.0 g SG-PS-NO 2 were added successively, and the reaction was carried out for 24 h at 100°C. The solid product was washed with distilled Synthesis and characterization of silica gel microspheres encapsulated by salicyclic acid functionalized polystyrene and its adsorption of transition metal ions from aqueous solutions water, 10% (w/V) aqueous NaOH solution and distilled water successively, until the filtrate reached a neutral pH, then washed with ethyl alcohol. This intermediate product silica gel encapsulated by polystyrene containing amino groups (SG-PS-NH 2 ) was dried under vacuum at 36°C for 10 h.
Synthesis of the SG-PS-azo-SA
3.0 g SG-PS-NH 2 , 60 mL water and 8.4 mL concentrated hydrochloric acid were taken in a flask cooled to 0-5°C with an ice water bath. A 20 mL aqueous solution containing 3.6 g NaNO 2 was added dropwise into the reaction flask while stirring. Stirring was continued for 6 h, then the liquid in the flask was pumped out and the residue washed with a cold (0-5°C) solution of 1% (v/v) hydrochloric acid. Consequently, the diazonium salt SG-PS-N + =NCl -was obtained. A slightly alkaline aqueous solution of 3.5 g salicyclic acid was then added to the above-mentioned SG-PS-N + =NCl -solution. The reaction mixture was stirred and kept at 0-5°C for 12 h then allowed to warm to 40°C over a period of 6 h. The product was washed with distilled water, soaked in hydrochloric acid solution, and washed with distilled water until the pH of the filtrate tested neutral. The final product, silica gel encapsulated by polystyrene diazo-coupled with salicyclic acid was obtained (SG-PS-azo-SA).
Instruments
IR spectra (KBr pellets) were recorded on a Magna-IR 550(series II) Fourier transform spectrometer, Nicolet Co., USA. The morphology of the compounds was examined on JEOL JSF5600LV scanning electron microscope, JEOL Co., Japan. Thermogravimetric analysis (TG) was recorded on a Netzsch STA 409. DTA/TGA were carried out in an Al 2 Micromeritics 2020, Version 2.02) at 77 K using a high-vacuum volumetric apparatus. The samples were degassed at 100°C, 1Mpa for 3 h. A GBC-932 atomic adsorption spectrophotometer made in Australia was used, and all measurements were carried out in an air/ acetylene flame.
Adsorption procedure
Adsorption experiments were carried out using batch method in a thermostat-cum-shaking assembly. 0.02 g of the sample SG-PS-azo-SA was shaken with 20 mL of solution containing metal ions with different concentrations for 24 h in the experiments of saturated adsorption and for 4 h in the study of the isothermal adsorption. After the centrifugation, 4 mL aliquot was taken in a 25 mL tube to which distilled water was added to obtain a final volume of 25 mL, and the concentrations of metal ion solution were determined on a GBC-932 atomic adsorption spectrophotometer. The concentration of the metal ions adsorbed (Q) was calculated according to the Eq. 1,
Where C 0 and C are the concentration of metal ions before and after sorption (mmol L -1 ), respectively; V is the volume of the solution used for sorption (L); and W is the weight in grams of the sample SG-PS-azo-SA.
Results and discussion
The synthetic route to SG-PS-azo-SA included the steps of activation of SG, syntheses of SG-C=C, SG-PS, SG-PS-NO 2 , SG-PS-NH 2 and the final product SG-PS-azo-SA. In this synthesis, silanol groups on the silica surface were the main 'initiator sites', which readily reacted with silane coupling agent to introduce organo surface functional groups. The presence of amino groups in SG-PS-NH 2 is highly advantageous for conducting modification reactions, and we obtained silica gel encapsulated by polystyrene by coupling the surface amino groups on SG-PS-NH 2 with salicyclic acid (SG-PS-azo-SA) through diazotization reaction and coupling sequence. The C=C content of SG-C=C was detected to be 1.82 mmol g -1 by titration with Na 2 S 2 O 3 solution according to the method described in [15] . The -NH 2 content of 2.04 mmol g -1 was obtained for SG-PS-NH 2 by back titration with NaOH solution according to the method described in [15] . The salicyclic acid group was measured to be at 1.31 mmol g -1 using the following protocol. 1 g SG-PS-azo-SA (m (g)) was taken in an iodine flask. 50 mL of 0.10 mol L -1 NaHCO 3 solution was then added in the system and the stoppered flask was placed in the oscillator and shaken for 4 h. 25 mL of the solution was then titrated against 0.10 mol L -1 HCl standard solution (C HCl ) with methyl orange as the indicatoruntil its color changed to orange. The volume of HCl used was represented as V HCl . A blank titration was carried out without adding SG-PS-azo-SA that gave the volume corresponding to V 0HCl . Finally, the content of salicyclic acid group in SG-PS-azo-SA was calculated according to the Eq. 2:
where n (mmol g -1 ) = the content of salicyclic acid group.
The Infrared spectra of SG, SG-C=C, SG-PS and SG-PS-NO 2 are shown in Fig. 1a . SG displayed the presence of vibrational band characteristic of silanol groups at 3400 cm Synthesis and characterization of silica gel microspheres encapsulated by salicyclic acid functionalized polystyrene and its adsorption of transition metal ions from aqueous solutions 218 3000 cm -1 , and the peaks of benzene skeleton vibration at 1494 cm -1 and 1454 cm -1 meant that polystyrene had been bonded on the surface of modified silica gel successfully; SG-PS-NO 2 : Symmetric and asymmetric vibrations of C-N in Ar-NO 2 were at 1520 cm -1 and 1350 cm -1 , respectively, and the bending vibration of C-N bond was at at 860 cm -1 , which suggested that benzene rings had been connected to the nitro groups [16] [17] . The Infrared spectra of SG-PS-NH 2 and SG-PS-azo-SA are shown in Fig. 1b , and it displayed the presence of vibrational bands characteristic of salicyclic acid group, the peak at 1746 cm -1 was caused by the stretching vibrations of C=O bonds, the peak at 1174 cm -1 by the bending vibrations of ArO-H [12] [13] [14] . By comparison with the spectrum of SG-PS-NH 2 , the characteristic bands at 1104 cm -1 of asymmetric stretching vibration of Si-O-Si almost disappeared, indicating that composite spheres form bonds with other substances resulting in the relative decrease in the intensity of bands of silica gel.
The SEM images of SG, SG-PS-NH 2 and SG-PSazo-SA are shown in Fig. 2 , and the scanning electron microscopy analysis revealed that the spherical appearance and sizes of the three samples were similar, demonstrating that the microspheres of silica gel have good mechanical stability and that they were not destroyed during the reaction process. There appeared more small particles and layered-folds on the surface of the sample SG-PS-azo-SA when compared to SG. This relatively increased its specific surface area and was conducive to rapid adsorption. TGA of SG-PS-NH 2 and SG-PS-azo-SA is shown in Fig. 3 , and the results showed that the temperature of thermal decomposition of the organic layer in the final product SG-PS-azo-SA was at 336°C, and the relative weight loss was 35.54%. This meant a high thermal stability for SG-PS-azo-SA has high thermal stability and therefore, in line with the requirements for application in adsorption. The porous structural parameters of SG, SG-PS-NH 2 , and SG-PSazo-SA derived from the nitrogen adsorption data are summarized in Table 1 . As shown in Table 1 , the values of BET surface area, pore volume and pore size decreased with the encapsulation and as functionalization reactions proceeded. As for the final product SG-PSazo-SA, its pores were too small to get the values of BET surface area, pore volume and pore size. A lot of pores are uniformly distributed on the surface of the silica gel, which results in the fact that it is favorable for grafting more polymer chains. On the other hand, the calculated value for the length of a completely extended polystyrene chain with Mw 21500 grafted on to the surface of silica gel is 26.0 nm based upon the C-C bond length of 0.154 nm and C-C-C bond angle of 109.5°. However, the pore size detected was 12.3 nm, probably resulting from the chains of polystyrene being long enough to block the pores of silica gel leading to a steep decrease in the specific surface area of composite microspheres. Obviously, the sharp decline of specific surface area and pore volume also implied that the salicylic acid groups had been successfully grafted on the surface of silica gel.
The introduction of the salicyclic acid groups and -N=N-groups onto the composite material enhances the capability of this composite material to form stable chelating compounds with many transition metal ions. The aim of encapsulating functionalized polystyrene onto silica gel is to make the most of the excellent coordination properties with metal ions of the composite material to obtain a novel adsorbent for high loading of metal ions. Saturated adsorption capacities for metal ions are generally considered as one of the most critical parameters for judging adsorbents. Mn(II), Co(II), Ni(II), Fe(III), Hg(II), Zn(II), Cd(II), Cr(VI), Pd(II), Cu(II), Ag(I), and Au(III) metal ions were chosen as representatives to investigate the loading properties of SG-PS-azo-SA by static method, and the results are shown in Fig. 4 . The results revealed that SG-PS-azo-SA has better adsorption capacity for Cu(II), Ag(I) and Au(III) with the maximum adsorption capacities at 0.63 mmol g -1 , 0.46 mmol g -1 , and 0.59 mmol g -1 , respectively, when the initial metal concentration was 2.0 mmol L -1 and pH at 5.0 (except a pH of 2.7 for Au(III)).
The effect of different concentrations of Cu(II), Ag(I) and Au(III) on the adsorption has been investigated at room temperature. The Cu(II), Ag(I) and Au(III) adsorption capacities of SG-PS-azo-SA are given as a function of the equilibrium concentration in Fig. 5 . It is clear that the Cu(II), Ag(I) and Au(III) adsorption capacities of SG-PS-azo-SA rise with the increase of the equilibrium concentration, especially between 0.0-6.0 mmol L -1 range. The adsorption isotherms were studied and the data analyzed with Langmuir (Eq. 3) and Freundlich (Eq. 4) equations [18] , respectively (Figs. 6 and 7) .
where Q is the adsorption capacity (mmol g -1 ), C the equilibrium concentration of metal ions (mmol mL -1 ), Q 0 the saturated adsorption capacity (mmol g -1 ), b an empirical parameter, n the Freundlich constant, and K F the binding energy constant reflecting the affinity of the absorbent to metal ions. It is well known that the Langmuir equation is applicable to homogeneous adsorption, where the adsorption of each adsorbate molecule onto the surface had equal adsorption activation energy. On the other hand, the Freundlich equation is used to describe heterogeneous systems and reversible adsorption, and it is not restricted to the formation of monolayer. Table 2 displays the Langmuir and Freundlich isotherms, and it can be seen that the regression coefficient R 2 obtained from Langmuir model is much higher than that from Freundlich model, suggesting the Langmuir model is better than Freundlich model, and could better interpret the adsorption procedure being studied. In addition, the the fitting result showed that the regression coefficients R 2 obtained from Langmuir model were very close to 1, thereby suggesting that the Langmuir model as a better model to understand the adsorption procedure. It is well known that the Langmuir equation is applicable to homogeneous adsorption, where the adsorption of each adsorbate molecule onto the surface has equal adsorption activation energy. The maximum adsorption capacity of SG-PS-azo-SA for Cu(II), Ag(I) and Au(III) obtained from Langmuir model is 1.288 mmol g -1 , 1.850 mmol g -1 and 1.613 mmol g -1 , respectively, these values are much higher than those reported in [17] . Saturated adsorption capacities of SG-PS-azo-SA for metal ions such as Mn(II), Co(II), Ni(II), Fe(III), Hg(II), Zn(II), Cd(II), Cr(VI), Pd(II), Cu(II), Ag(I), and Au(III) were measured to study the heavy metal adsorption capacity, the experimental results displayed that SG-PS-azo-SA has the better adsorption capacity for Cu(II), Ag(I) and Au(III). According to the theory of hard and soft acids and bases (HSAB) as defined by Pearson, different metal ions will have a preference for complexing with ligands that have more or less electronegative donor atoms. In the adsorbent SG-PS-azo-SA, the coordinating atoms include O atoms and N atoms. Moreover, the surface adsorption was also an important effect factor of adsorption capacity. Therefore, the reason that the maximum adsorption capacities for Ag and Au are higher than the quantity of salicylic acid (1.31 mmol g -1 ) is perhaps due to the difference in the type of coordination to these different metal ions and physical adsorption effects. A comparison of the adsorption capacity of different types of adsorbents for Cu(II), Ag(I) and Au(III) ions clearly showed that the adsorption capacity of SG-PSazo-SA was relatively high when compared to several other adsorbents such as L-lysine modified crosslinked chitosan resin (70.34 mg g -1 for Au(III)), thiol cotton fiber Synthesis and characterization of silica gel microspheres encapsulated by salicyclic acid functionalized polystyrene and its adsorption of transition metal ions from aqueous solutions
Conclusions
Synthesis of novel composite material silica gel encapsulated by polystyrene coupled to salicyclic acid (SG-PS-azo-SA) with core-shell structure has been developed, and the nature of the sample was characterized by titration, FT-IR, SEM, TG techniques. The results of the adsorption of various metal ions Mn(II), Co(II), Ni(II), Fe(III), Hg(II), Zn(II), Cd(II), Cr(VI), Pd(II), Cu(II), Ag(I), and Au(III) from aqueous solution on the as-synthesized SG-PS-azo-SA showed that this highly efficient inorganic-organic hybrid adsorbent had good adsorption capacity for Cu(II), Ag(I), and Au(III). It was concluded that this material silica gel encapsulated by functionalized polystyrene had a significant potential for enrichment of trace Cu(II), Ag(I), and Au(III) and thereby removing these metal ions from wastewater using adsorption.
